Solar Hybrid Heating & Cooling Systems on District Level – The Austrian Project CiQuSo  by Horn, Philip et al.
1876-6102 © 2016 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Peer-review by the scientific conference committee of SHC 2015 under responsibility of PSE AG
doi: 10.1016/j.egypro.2016.06.265 
 Energy Procedia  91 ( 2016 )  980 – 988 
ScienceDirect
SHC 2015, International Conference on Solar Heating and Cooling for Buildings and Industry 
Solar hybrid heating & cooling systems on district level –  
The Austrian project CiQuSo 
Philip Horn,*1Stefan Hauer, Florian Judex, David Kreulitsch, Tim Selke  
AIT Austrian Institute of Technology GmbH, Giefinggasse 2, 1200 Vienna, Austria  
Abstract 
The Austrian research project City quarters with optimised solar hybrid heating and cooling systems-. (CiQuSo) aims to develop, 
evaluate and optimize concepts for solar energy systems to provide energy for buildings and cities. The comparison and 
alignment of the energy demand (heating, cooling, domestic hot water, electricity) with the production in terms of dynamic 
behavior and spatial distribution enables the optimization of the energy performance of a district or a small city. Based on solar 
thermal and solar electrical systems highly innovative solar hybrid concepts (based on the assumption of possible energy 
exchange between certain or all buildings in the district) will be developed and will be applied in Heating, Ventilation and Air 
Conditioning- (HVAC) systems for buildings. The applications will be evaluated on city district level in order to identify further 
optimization potentials gained by the intra-building energy exchange as well as load shifting strategies. The applicability of the 
developed methods and concepts will be tested in Itzling, a district in the city of Salzburg, Austria.  
This paper presents the planned methodology to optimize the use of solar energy on a district level and will reports on first 
achievements of the project activities. 
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1. Introduction 
Cities with local and decentralized renewable energy production can significantly contribute to a change in the 
energy strategy of a city, a district or even an entire region. Deploying solar technologies to provide energy for 
heating, cooling, domestic hot water and electricity is state-of-the-art. Most activities regarding applications as well 
as research in the field of solar energy concepts focus on the building level (e.g. the HIGH-COMBI project [1]). 
However, recent optimization models on city or district scale are predominantly based on microeconomic principles 
[2] and thus lack the required level of technical soundness to properly exploit the solar potential. Existing technical 
optimization potentials gained by dynamic intra-building energy exchange as well as load shifting strategies so far 
were hardly investigated with a high level of technical detail. The proposed methodology enables an energy planning 
and management strategy on city level. By coordinating the heat and electricity exchange between buildings the 
overall performance and efficiency can be enhanced and the self-consumption of locally produced renewable energy 
can be increased. The City quarters with optimised solar hybrid heating and cooling systems (CiQuSo) project aims 
to develop, evaluate and optimize concepts for solar energy systems to provide energy for buildings and city 
quarters. Solar thermal, solar electric and solar hybrid concepts will be investigated deeply in combination with 
characteristic reference buildings by means of dynamic simulation to enable further optimization. Unlike other 
projects, where the focus of the optimization of a solar hybrid heating and/or cooling system is on the level of a 
single building, e.g. in terms of solar gains or self-consumption optimization, the presented project aims for a larger 
scale. When the building is seen in the context of already existing urban infrastructure and built environment, its 
interaction with these elements also becomes important. 
The integration of energy grids (heat and power) where the choice and sizing of PV and/or solar thermal 
installations on given surfaces may lead to additional problems and chances, like producing energy on- or off-peak, 
depending on building usage requires simulation with a high level of technical detail. From this point of view, 
expanding the optimization up blocks of buildings or district level is becoming more and more important to find 
feasible solutions for the overall system of building and grid. Within the very broad scope of this research area, the 
project focuses on the following. 
2. Objectives 
The main project objective is the quantification of the optimization potentials of the application of solar energy 
systems on city level. Intra-building energy exchange and load shifting strategies will be considered for various 
technically feasible combinations of buildings and energy systems. The basis for this is the development, analysis 
and further optimization of highly innovative solar hybrid energy system concepts. Implicit and explicit storage 
potentials in the city’s buildings and systems will be assessed and used in order to improve the energy performance 
of solar energy systems whilst reducing peak and residual loads of conventional back-up systems. The developed 
concepts and methods will be applicable to any city or district due to the generic approach they are based on. This 
applicability will be demonstrated theoretically in Itzling, a district in the city of Salzburg, Austria. 
3. Methodology 
Based on statistical data on the building and system stock of typical Austrian mid-sized cities and districts, a 
selection of representative buildings has been identified. This generic pool of buildings contains single- and multi-
family houses, apartments, supermarkets and hotels of different construction standards. Additionally real buildings 
from the district of Itzling (including commercial and industrial buildings like university laboratories and a dairy) are 
added to the building pool as well. Some of the commercial buildings are represented by typical load patterns rather 
than dynamic models, as their real-world behavior is basically static. From the known physical building parameters 
and typical user-patterns (derived from measurements and standards) simplified thermal building models will be 
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created in MATLAB2 according to the German standard VDI 6020 [3] resulting in a RC-network [4] consisting of 
thermal resistances and thermal capacitances.  
 
Using this approach it allows calculating the dynamic behavior of each individual building simultaneously on a 
district scale. As compared to classic thermal building simulations in TRNSYS3 or EnergyPlus4, the computational 
performance is not a limiting factor anymore, so there is almost no restriction regarding the amount of buildings in 
the district. Other than most common applications of RC building models, the aim is to have no parameter-fitting 
process and/or comparison with more sophisticated models when it comes to the creation of new RC building 
models. As an outcome it should be possible to automatically generate RC building models solely based on physical 
parameters that are commonly available in building stock databases or even geographical information systems (GIS) 
of cities and communities. 
 
On the system side, innovative systems will be designed and modeled in TRNSYS and Dymola5. These models 
will then be used as a basis for mathematical black box models, implemented in MATLAB as well, that represent the 
physical system behavior based on the relation between in- and output-signals (i.e. mass flow rates, energy 
consumption, environmental parameters etc.). This allows the integration of a vast variety of systems created with 
different simulation software that can be used as a basis for the black box model. Moreover even measurements of 
existing physical systems (i.e. a MW-scale central PV/solar thermal plant) can be used. The main output of the black 
box system models is the dynamic energy “price” or consumption, i.e. [primary energy/kWhth]. To guarantee 
comparability between various kinds of systems it is of utmost importance to fix the interaction between buildings 
and systems. With respect to heating systems this is achieved by defining two principal temperature level categories 
that relate to the most common applications: floor heating systems (low temperature) and radiator heating (high 
temperature). For both categories an ambient temperature depended heating curve will be defined that each system 
has to deliver under any circumstances. The return temperature is determined by a fixed ǻT. 
A superordinate algorithm, implemented in MATLAB, links the buildings and systems as shown in Fig. 1. This 
algorithm can decide when to heat which building with which thermal energy source and power, depending on: 
 
x the average room temperature,  
x the known dynamic thermal behavior of each individual building and  
x the dynamic energy price (i.e. [primary energy/kWhth]) of the various HVAC systems. 
 
Each building can be linked with a specific HVAC system and in addition exchange energy with other buildings 
and systems by defining links between all or only certain buildings, i.e. a simplified district heating network. A 
major benefit of this approach lies in the huge flexibility of optimization scenarios. Due to the high computational 
speed of the individual models, a wide range of different optimization goals on district scale can be elaborated using 
the governing optimization algorithm. This enables the user to generate scenarios for different stakeholder interests, 
i.e. minimum peak load, maximum usage of locally generated energy, minimal operational/investment costs, 
building to grid/load-shifting -potential, etc. 
 
 
 
2 http://de.mathworks.com 
3 http://www.trnsys.com/ 
4 http://apps1.eere.energy.gov/buildings/energyplus/ 
5 http://www.3ds.com/products-services/catia/products/dymola 
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Fig. 1 Schematic overview of the proposed methodology. 
4. Proof of concept 
In order to show that the proposed methodology is suitable for answering the various questions within the 
CiQuSo project, a proof of concept of the different components (black box system model, RC building model, and 
optimization algorithm) is being conducted some aspects of the proof of concept were still ongoing by the time of 
the creation of this paper. The preliminary results are presented in the following subsections.  
4.1. Black Box system model 
Black Box modelling can be generally understood as a mathematical method to model the reaction, i.e. the 
outputs, of a dynamic system on certain inputs without considering the underlying physics of the dynamic system. 
This approach can of course only be applied when reliable and sufficient input-output data is available. Typically 
this method can be used when measurements of the physical system or detailed physical models (that are often too 
computational intensive or instable for extensive simulation campaigns) are available. In this project the method of 
artificial neural networks (ANNs) has been chosen. ANNs are numerical models inspired by biological neural 
networks. They build their knowledge through a learning process that strengthens connections between neurons like 
a brain [5]. ANNs have been successfully used to model complex and non-linear renewable energy systems [5]–[7] 
and components like solar thermal collectors [8]. Special attention has to be given to the selection of suitable 
training/learning data so that the ANN will not experience unknown or implausible inputs during operation. It is also 
important to fix a well-defined starting point for all systems, i.e. the initial temperature of the storage tank etc. The 
Black Box Model that has been used for the proof of concept is explained briefly in Fig. 2. The ANN is trained to 
predict outputs y(t) like temperatures of the storage tank at different heights in addition to the auxiliary energy 
consumption that is needed for the optimization algorithm. The outputs are fed-back as inputs for the ANN with a 
time delay, i.e. the last two timesteps. This enables the ANN to have a “memory”, i.e. distinguish charging and 
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discharging phases of the storage tank. 
 
 
Fig. 2. Schematic overview of the proposed black box system model for the proof of concept. ANN model schematics created by MATLAB 
Neural Network Toolbox. 
For the proof of concept, a solar thermal system for domestic hot water preparation and space heating has been 
developed in TRNSYS. Its main components are a hot water storage tank with an electric backup-heater, a solar 
thermal collector, pumps and fluid loops, a weather data processor, and a representation of a simple one-zone 
building. The main assumptions and the basic setup are shown in Fig. 3. Due to simplifications for the first 
approach, the pump control strategy was reduced to on-/off signals.  
 
Fig. 3 Main assumptions for the system proof of concept (left side) and schematic representation of the solar heating system (right side). 
A Nonlinear Autoregressive network with External Input (NARX) has been used to learn the behavior of the 
system shown in Fig. 3. It has 10 hidden neurons and two delay states with four inputs (ambient temperature, global 
horizontal radiation, heating demand for the building and for domestic hot water) and five outputs (storage tank 
temperature at five levels). The prediction of the storage tank temperature at a certain height proved to be an easy 
task for the ANN, which can be seen in the correlation in Fig. 4. The three regression plots show the correlation 
between real values (targets) and predicted outputs of the storage tank temperature at a certain level/node height. It 
includes training, testing and validation data. The lower graph shows the predicted (+ signs) and the real (squares) 
dynamic storage tank temperature at node one for training (blue), validation (green) and testing (red). Errors are 
represented as yellow lines. As the prediction is very good, the targets and the outputs overlap. 
 
The prediction of the primary energy consumption (which is the sum of all pumps and the auxiliary heater) using 
the same approach as described before, did not return results with a similar precision. Fig. 5 shows the correlation 
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between real (dots) targets and predicted (+ signs) outputs (auxiliary power consumption). The ANN obviously is 
well suited for dynamic processes, however step responses like on-/off switching of pumps or the electric heater 
require different methods. Nonetheless the obtained results are very promising and can already be used with 
additional simple post-processing filters. The envisaged solar systems will generally have less on-/off characteristics 
like the system used for the proof of concept, as variable speed pumps and dynamic auxiliary heating control will be 
implemented. It is therefore expected to obtain very good correlations with the proposed ANN structure.  
 
 
Fig. 4. Performance of a nonlinear autoregressive network with external inputs (NARX) to predict the storage temperatures at different heights. 
 
Fig. 5. Performance of a nonlinear autoregressive network with external inputs (NARX) to predict the auxiliary energy consumption of the 
HVAC system. 
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4.2. RC Building model 
According to the German standard VDI 6020 a simplified RC building model was developed within MATLAB 
using the state-space-representation as shown in the equation bellow. 
 
ݔሶ ൌ ܣݔ ൅ ܤݑ (1) 
 
It is a mathematical model of a physical system describing its dynamic behavior using first-order differential 
equations. The vector ݔ specifies the states to be calculated which are the temperatures of the thermal zones of the 
building and the temperature of the building mass. The vector ݑ specifies the dynamic inputs of the building defined 
by the environmental conditions (temperature and solar radiation) and the energy provided by the HVAC system. 
The dynamic characteristic is specified with the matrix ܣ and ܤ, based on physical parameters of the building e.g. u-
values of walls, etc. 
 
Using this model representation it is possible to calculate the average room temperature of a simplified building 
depending on the energy provided by the HVAC system and the environmental conditions. On the one hand the 
developed model was designed to be as flexible as possible in order to use it for different applications e.g. floor 
heating or radiator heating without changing the mathematical representation of the building model. On the other 
hand the developed model should have a common and flexible interface to the HVAC systems. Therefore the RC 
model requires as input the heating or cooling energy of the HVAC system as well as the environmental conditions 
and provides the room temperatures of the building back to the overall optimizer. 
To prove the approach of using a simplified RC building model instead of a complex thermal model a 
comparison between a TRNSYS model was made. A simple one floor building model was created in TRNSYS 
taking into account the environmental conditions (outdoor temperature and global irradiation on each surface), 
thermal energy provided by an ideal heating system. These inputs were applied on the RC model in order to 
compare the room temperature of the building in terms of its dynamic behavior (how fast does the room temperature 
change if energy is provided) and in terms of the overall deviation between both model approaches.  
 
Fig. 6 shows on the top plot the comparison of the room temperatures between TRNSYS and the simplified RC 
model. The Energy provided to the room by radiator heating and irradiation is shown at the bottom of the plot. It can 
be noted that the overall dynamic of the room temperature is well represented by the RC model. 
Fig. 6. Comparison of RC model room temperature with TRNSYS. 
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4.3. Optimisation algorithm on district level 
Due to the simplicity of the RC model the computational cost for the calculation of a time-step for a single 
building are extremely low. Assumingoptimization knowledge of a maximum power Qi,therm,max for the heating 
system of every building involved in the optimization process, and the relationship between thermal and primary 
energy given by the ANN black box model described in 4.1, an optimization problem can be formulated. Using x 
and y as above, we have 
න ݕሺݐሻ݀ݐ
ο௧
՜ ݉݅݊ 
 
(2) 
with a suitable timespan ǻt as target for the optimization for each system, which can be rewritten as 
න ݕሺݔሺݐሻሻ݀ݐ
ο௧
՜ ݉݅݊ 
 
(3) 
when taken into account the ANN which computes the energy y based on the states x of the RC model, and finally 
෍ ݕሺݔሺݐ௜ሻሻݐ௜݀ݐ
௧೔אο௧
՜ ݉݅݊ 
 
(4) 
when choosing a reasonable discretization in time, expanding to 
෍෍ ݕሺݔሺݐ௜ሻሻݐ௜݀ݐ
௧೔אο௧
՜ ݉݅݊
௡
 
 
(5) 
if a number of n buildings is discussed. In other words, we want to minimize the primary energy consumed on 
district level assuming that the thermal energy and along with that the primary energy consumption stays constant 
over certain time-steps (i.e. 5 minutes), under the boundary conditions that the indoor temperature should stay 
within a certain comfort band. The conversion between thermal and primary energy is a non-linear process 
depending for example on the availability of solar energy and the state of charge of the thermal storage (modelled by 
the ANN). This means that the solution is not simply minimizing the thermal energy demand, but rather using the 
energy when it is available for low cost, i.e. a low primary energy consumption per ݇ ௧ܹ௛௘௥௠௔௟. In a final step, the 
link between the energy systems can be established by assuming the possibility for transferring thermal energy 
between certain buildings. This leads to a new cost function, y’, which is depending on the overall energy 
consumption in the district, therefore on the n-dimensional vector, and the distribution across the sources, or in other 
words all xi’s, leading to 
෍ ݕԢሺݔҧሺݐ௜ሻሻݐ௜݀ݐ
௧೔אο௧
՜ ݉݅݊ (6) 
as the overall optimization problem to be solved. As the computation effort still remains low, a suitable general 
optimization algorithm, e.g. Levenberg-Marqardt, can be used to solve this optimization problem, using 0İx(t)İ 
Qi,therm,max  and suitable room temperatures as a boundary condition. 
 
The methodology explained above has been implemented in MATLAB and tested with the preliminary ANN and 
RC models. The results were promising in a way that the methodology was proofed suitable to solve the problems 
presented above.  
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5. Outlook 
With the positive results from the proof of concept, the next step is the optimization and continuous improvement 
of the presented methodology. An automated framework will be set up in order to implement a standardized 
procedure of acquiring input and output data, testing various ANN topologies as well as various input-output 
constellations in order to find the most suitable ANN for each individual system.  
As an outlook, the goal after the end of the CiQuSo project is to create a web-based application that enables the 
user to create a virtual district with a building stock as close to reality as possible using minimum effort. As the RC 
building models are based on physical information that can be gathered from e.g. GIS data in combination with an 
existing material and schedule database, a semi-automated building model generation for entire districts seems 
possible with minimum user effort. With the underlying optimization algorithms and the database of different 
reference systems (standard systems as well as innovative solutions) the user can define various optimization goals. 
The result will be a recommendation for the ideal mix of systems and technologies, suggestions on basic control 
strategies and which buildings would be beneficial to link with a district heating network. 
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